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Abstract
The management of phantom limb pain (PLP) is still challenging due to a partial understanding of its neurophysiological mechanisms. Structural
neuroimaging features are potential biomarkers. However, only a few studies assessed their correlations with clinical severity and treatment
response. This study aims to explore the association between brain gray matter volume (GMV) with phantom limb manifestations severity and
PLP improvement after neuromodulatory treatments (transcranial direct current stimulation and mirror therapy). Voxel-based morphometry analy-
ses and functional decoding using a reverse inference term-based meta-analytic approach were used. We included 24 lower limb traumatic
amputees with moderate to severe PLP. We found that alterations of cortical GMV were correlated with PLP severity but not with other clinical
manifestations. Less PLP severity was associated with larger brain clusters GMV in the non-affected prefrontal, insula (non-affected mid-anterior
region), and bilateral thalamus. However, only the insula cluster survived adjustments. Moreover, the reverse inference meta-analytic approach
revealed that the found insula cluster is highly functionally connected to the contralateral insula and premotor cortices, and the decoded psycho-
logical processes related to this cluster were “rating,” “sustained attention,” “impulsivity, ” and “suffering.” Moreover, we found that respond-
ers to neuromodulatory treatment have higher GMV in somatosensory areas (total volume of S1 and S2) in the affected hemisphere at baseline,
compared to non-responders, even after adjustments.
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Introduction

In the United States, nearly 185 thousand people undergo an
amputation each year [1], and it is estimated that 64% of
them will potentially developed phantom limb pain (PLP) [2].
PLP is the perception of pain in a limb that is no longer there,
most commonly as a sequela of amputation [3].

The current common management approaches include anal-
gesics (of opioid and non-opioid nature), physical therapy, or
complementary interventions such as mirror therapy, biofeed-
back, and chiropractic care [4]. However, several patients
reported worsening of their symptoms after these interventions
[5]. Thus, despite a large quantity of available approaches, the
management of PLP is still extremely challenging [6, 7].

A major difficulty in developing targeted PLP treatments
stems from partial understanding of its neurophysiological
mechanisms. The presence of PLP after amputation has been
associated with cerebral, spinal, and peripheral changes [6].
The most commonly reported are somatosensory cortex,
motor cortex, and thalamic alterations, indexed by magnetic
resonance imaging (MRI) [8], functional MRI (fMRI) [9, 10],
and transcranial magnetic stimulation (TMS) [11, 12].
Specifically, PLP has been associated with altered persistence
of the cortical representation of the amputated limb [10],
motor cortex disorganization (12), sensorimotor cortex
hyperactivity (13), and hyperconnectivity between insula and
sensorimotor cortices (S1/M1) (13).

Perspective
Our results suggest an essential role of the non-affected mid-anterior insula as an integrating hub of PLP perception and its severity and thus

being a critical network for resting PLP intensity. On the other hand, the sensorimotor gray matter volume seems to be critical to ultimately influ-

ence the likelihood of dynamic PLP intensity changes related to a neuromodulatory treatment aimed at sensorimotor cortex modulation. These

results point out to the importance in differentiating resting vs. dynamic structural brain correlates associated with PLP control.
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Several potential biomarkers had been used to understand
the pathophysiology of PLP, although they have yielded heter-
ogeneous results. The brain volumetric difference of gray mat-
ter is a promising and reliable neuroimaging feature that
could be used to understand neuroplasticity characteristics of
neuropsychiatric diseases [14], and had been shown altered in
chronic pain populations [15, 16]. Nevertheless, only
few studies used this methodology in PLP patients in the past
[17–20]. Draganski et al. (2006) assessed brain volumetric
differences in 28 amputees with PLP compared to 28 matched
healthy controls. They found that PLP patients had less gray
matter in the contralateral thalamus, and these changes were
mediated by the time since amputation (PLP chronicity was
associated with smaller thalamic volume); however, no volu-
metric changes were associated with PLP severity [17].
Similarly, Preissler et al. (2013) found that amputees with
PLP compared to healthy participants had reduced global
gray matter, especially in the motor cortex and right dorsolat-
eral pre-frontal cortex. Additionally, the subjects with high
PLP have higher gray matter volume in the left anterior cingu-
late cortex and less volume in pain processing areas, com-
pared to subjects with mild/non-existent PLP [19].

The previous explorations were mainly restricted to the
comparison between amputees and healthy controls and
including heterogenous samples. Nevertheless, the brain volu-
metric correlates of clinical severity assessments (PLP, depres-
sion, and anxiety severity) and its predictive value for
treatment response were not consistently explored. Thus, the
structural neuroimaging correlates of clinical severity in PLP
patients are mostly unknow, despite being severity highly
influential on the patient’s quality of life [21]. Moreover, it is
unclear which structural neuroimaging markers can predict
PLP reduction after treatment, which is a needed information
to implement a personalized management approach in
PLP [22].

This study aims to explore the association between brain
gray matter volume (GMV) and phantom limb manifestations
severity in lower limb traumatic amputees with PLP.
Additionally, we assessed whether gray matter volume at
baseline can predict PLP reduction after a neuromodulatory
treatment (transcranial direct current [tDCS] stimulation and
mirror therapy). We hypothesized that PLP intensity at base-
line will be associated with differences in GMV of pain-
related areas such as sensorimotor cortex, thalamus, cingulate
cortex, insula, and pre-frontal region. Furthermore, we
hypothesized that treatment response to neuromodulatory
interventions will be associated with differences in GMV of
the target stimulation region (sensorimotor cortex).

Methods
Study design

A secondary analysis was performed utilizing data from a
double-center, placebo controlled, randomized clinical trial
(NCT02487966) [23] that assessed the effects of the combina-
tion of Mirror therapy and tDCS for the relief of phantom
limb pain in lower limb traumatic amputees. The details of
the rationale, design and methods of the source study as well
as the results are published elsewhere [23, 24].

Informed consent was obtained prior to the enrollment and
the study was approved by Partners Institutional Review
Board (Spaulding Rehabilitation Hospital) and the University

of Sao Paulo Institutional Review Board accordingly.
The complete methodology of this trial was published
elsewhere [23]. The STROBE statement was followed for
reporting this study (supplementary material).

Participants

The source study was composed of 132 participants. For the
purpose of this analysis, 24 subjects enrolled at the Boston
University neuroimaging center were included, since not all
enrolled participants underwent MRI procedures. Included
patients had moderate to severe PLP (>4 in VAS).

Clinical and demographic variables
Demographic questionnaire

Demographic variables such as gender, ethnicity, age, and
study center were collected.

Amputation-related variables

An adapted version for lower limb amputation [25] of the
“Groningen questionnaire after arm amputation” was used to
collect relevant data regarding the amputation (ie, laterality of
amputation, amputation level, previous treatment, opioid
use). Also, we collected the severity of PLP, phantom limb
sensation (PLS), and residual limb pain (RLP) using a 0–10
VAS scale.

Other clinical variables

To address the psychological wellbeing of the subject data,
the Beck depression index (BDI) and Beck anxiety index (BAI)
were collected. We assessed the presence and degree of
severity of depression and anxiety symptoms.

MRI acquisition and processing
Acquisition

The structural MRI was performed twice during the protocol
(Figure 1) [23]. To scan all subjects we used a 3 Tesla Philips
Achieva Scanner Center (Philips Medical Systems, Eindhoven,
The Netherlands) located at the Center for Biomedical
Imaging (CBI) at the Boston University Medical Center. A
turbo spin echo sequence (time to echo [TE]¼ 3.1 ms, repeti-
tion time [TR]¼ 6.8 ms, flip angle¼ 9, voxel size
0.98_0.98_1.20 mm, no slice gap, acquisition matrix
256_254) was used to obtain anatomical T1-weighted
images.

Voxel-based morphometry

The “Oxford Centre for Functional MRI of the Brain
(FMRIB) Software Library” (FSL) v6.0 was used (FSL) [26].
We used FSL voxel-based morphometry (VBM) to analyze
gray matter (GM) [27]. First, all images were stripped from
the skull using Brain Extraction Tool (BET), visual quality
control was performed before tissue-type segmentation into
GM, white matter, and cerebrospinal fluid using the FMRIB’s
Automated Segmentation Tool (FAST) [27]. Second, we cre-
ated two groups of analysis, one group for a non-flipped anal-
ysis and a second group in which brain images from left limb
amputees were flipped along the x-axis (12 subjects); there-
fore, in all amputees the right cerebral hemisphere corre-
sponds to the non-affected hemisphere. The main analysis
was performed in the flipped brain and the non-flipped analy-
sis was used a secondary quality control.

Third, we created a study-specific GM template using the
24- GM-segmented images—FAST. Steps toward the template
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creation included: ine registering of the GM partial volume
images (FLIRT) [28] and left-to-right x-axis flipping to pro-
duce a symmetrical image followed by nonlinear registration
(FNIRT) [29] to standard space. The native space GM volume
images were then normalized into this template using a non-
linear registration (FNIRT) and corrected for the contraction/
enlargement due to the nonlinear component of the transfor-
mation using Jacobian integration.

Lastly, GM images were concatenated and smoothed with
an isotropic Gaussian kernel (FWHM 3 mm). Gray matter
volume associations with clinical variables were assessed
using a correlation analysis using age, sex, and total intracra-
nial volume (TIV), categorical variable for flipped data analy-
sis as covariates of no interest. For cluster definitions we used
the threshold-free cluster enhanced (TFCE) method. The
TFCE images can easily be used to estimate statistical signifi-
cance by calculating voxel wise P values (uncorrected or cor-
rected for multiple comparisons across space) via permutation
test. FSL’s randomize toolbox [30] was used to perform the
permutation-based testing (n¼ 5000 permutations) and to
obtain threshold-free cluster enhanced (TFCE) uncorrected
and corrected P values [31]. For the uncorrected P values a
threshold of P<¼ .001 was used for statistical significance of
associations. A minimum cluster size of 27 voxels (number of
voxels contained within the 3 mm smoothing kernel- 3� 3�3)
was used as a secondary threshold for the uncorrected [32].

Total gray matter volume estimation SIENAx (2.6) from
FSL was used to calculate estimates of volumes of interest,
after automated brain extraction and tissue segmentation
[33]. Anatomical locations of significant clusters were deter-
mined using their MNI coordinates in MRIcron and xjview
using the AAL template.

Neurosynth activation mask and decoding

Neurosynth is a public database that lists the results from
>14000 functional MRI published investigations (https://neu-
rosynth.org/). Neurosynth platform utilizes text-mining,
machine learning and meta-analytic methods to generate
automated large-scale analysis of neuroimaging [34]. This
tool allows for tagging individual studies with all words that
occur at least once in its abstract, excluding “stop words”
and words that occur in more than 60% of all abstracts;
therefore, studies can be retrieve using a specific term.

We used Neurosynth to create an activation mask based on
the terms “hand” and “foot,” by simply typing the term
“hand” a statistical map of an automated meta-analysis was
generated. For instance, the term “hand” retrieved 879 stud-
ies, while the term “foot” retrieved were 83 studies. We con-
structed the mask using additional synonyms as arm, leg,

extremities, and limb. Using Neurosynth we were able to cre-
ate a generalizable mask, dependent on the activation of this
regions in several studies, instead of using only an atlas gener-
ate mask. We used a T-threshold of 5.5 and exported these
maps into NIFTI format, where they were used in further
analysis as ROI masks [34].

Besides the creation of the activation mask, Neurosynth
can be queried for the functional decoding of voxel locations
in MNI space [34]. For this task we used Neurosynth
Decoder function to retrieve the probability of observing the
reporting of a term given a particular location. In this case,
the clusters AIs ROI were inputted and used to generate the
semantic annotation of studies in the Neurosynth dataset that
report this same region. This method allows the identification
of terms that are most probably associated with specific brain
images. We uploaded them individually. The relative similar-
ities between the terms and VBM result images were shown in
a rank order of correlation, then we created a word-cloud
weighted so that the size reflects the highest correlation of the
20 first terms and each specific cluster.

Statistical analysis

Statistical analyses of GMV properties were performed using
tools from the Oxford Center for Functional Magnetic
Resonance Imaging Software Library (FMRIB, Oxford OK;
FSL version 5.0.10, https://fsl.fmrib.ox.ac.uk/fsl). We
reported the baseline characteristics using central tendency
and dispersion measurements based on the variable type (eg,
mean and SD for continuous variables, frequency tabulations
for categorical variables). We used complete case analysis to
manage missing data. To compare clusters, we used Mann-
Whitney U tests. To understand the relationship of GMV and
the clinical variables, Spearman’s rank and Pearson’s correla-
tion tests were performed. To compare GMV values at base-
line between responders (decrease of at least 30% of pain
[35]) and non-responders, we used an unpaired t-test adjusted
for age, gender, TIV, and flipped hemisphere. The statistical
analyses were performed with Python version 3.9.

Results
Demographic characteristics

Twenty-four subjects were included in the VBM analysis, all
from the Boston site. The sample was 58% male and the
mean age of the participants was 51.79 (SD¼ 14.04 years).
The median time since amputation was 21 months (IQR: 5.5
to 188), mean PLP, PLS, and RSL were 5.3 (SD¼ 1.72), 3.40
(SD¼2.90), and 5.08 (SD¼ 3.43), respectively. Further clini-
cal data related to the amputation are provided in Table 1.

Figure 1. Study timeline and MRI acquisition timepoints. MRI was performed at baseline and after treatment. The intervention consisted in motor cortex

transcranial current stimulation (M1 tDCS) for 2weeks (10 sessions, weekdays) combined with 4weeks of concomitant mirror therapy.
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Structural gray matter volume and phantom limb

pain intensity

First, we set up a statistical model to identify significant clus-
ters that are correlated with phantom limb pain at baseline
(age, gender, and TIV) and flipped them as covariates of no
interest. All brains images were flipped across the midsagittal
plane for left limb amputees (12 subjects), such that the left
cerebral hemisphere would correspond to body side of the
amputation to all patients. Two contrasts were tested, one
contrast was performed for the positive correlations and the
other for the negative correlations of GM volumes and PLP.
Overall, five clusters were identified using a TFCE uncor-
rected P values binarized mask at a value of .001 and a cluster
size >27 voxels (Table 2 and Figure 2 uncorrected T-maps)
all for the second contrast. This indicated that more volume
of the whole brain average was correlated with less pain
(Figure 2 and Table 2).

We also evaluated the GM properties of these clusters
across different demographics and pain characteristics
(Figure 2C). Interestingly all regions significantly associated
with PLP were not correlated with other phantom limb
related syndrome such as phantom limb sensation and stump
pain. Additionally, there was no significant correlation with
GM volume and time since amputation, or depression and
anxiety measurements.

Moreover, we use the same model in the non-flipped brain
images and observed similar results. Five clusters were identi-
fied using a TFCE uncorrected P values binarized mask at
value of .001 and cluster size >27 voxels all for the second
contrast, indicating that more volume of the whole brain aver-
age was correlated with less pain. As expected, Insula and
Frontal Lobe (dorsomedial pre-frontal cortex and subcallosal
cortex) clusters—left and right also appeared in the non-
flipped analysis results. The non-flipped analysis clusters

considerably overlapped (Sørensen–Dice coefficient 5: 0.71)
with the five clusters obtained in the flipped analysis. Overall,
by aligning the brain in relation to body side of the amputa-
tion, we observed more statistically significant clusters and a
stronger correlation of GM volume differences with the phan-
tom limb pain.

Moreover, the Insula cluster on the non-affected hemi-
sphere survived TFCE correction (Figure 2) and showed to be
highly correlated with PLP intensity, at the same way the
insula volume was not correlated with other phantom limb
phenomena (PLS or RLS) or with time since amputation. This
suggested that the changes in the insula volume are specific to
pain. No gray matter volume differences at any brain area
were associated with PLS or RLS intensities.

Structural gray matter volume and response to

treatment

We also set up a statistical model to identify significant clus-
ters correlated with response. For this analysis we classified
responders based on the decrease of pain at week four com-
pared with the baseline pain. Response was defined as
decrease in at least 30% of the pain [35]. Eight amputees
were classified as responders (mean percentage pain
decrease¼ 70% 6 26.43). In this model, an unpaired t-test
was performed using age, gender, TIV, and flipped were
included as covariates of no interest to compared difference
between responder and non-responder in GMV. The results
showed an increase of GMV in two regions in the affected
hemisphere in responders compared to non-responders. The
two clusters were identified using a TFCE uncorrected P val-
ues binarized mask at value of .001 and cluster size >27 vox-
els (Table 2 and Figure 3 uncorrected T-maps, responders >
non responders).

Table 1. Demographic and pain characteristics of the amputees

Subject ID Age Gender

Side of

Amputation

Level of

Amputation

Time since

Amputation (month) PLP RLP PLS BDI Opioid Use

S1 72 M R BK 7 6 3 8 5 Y
S2 56 M L BK 21 8.5 9 9.5 11 Y
S3 37 F R BK 49 2.5 3.5 4 12 N
S4 49 F L AK 4 2 2 3 5 Y
S5 45 M R AK 389 3.5 4.5 5 29 N
S6 46 F R BK 50 4 2 2 7 N
S7 47 F R AB 23 6 5 9.5 32 N
S8 52 M R BK 163 6.5 5 7 0 N
S9 55 M R AK 431 9 8 0 4 N
S10 59 M L AD 468 5 1 8 9 Y
S11 21 M L BK 160 5 5 3 5 N
S12 64 F R BK 21 5.5 0 2 0 N
S13 63 M R AK 213 5 0 2 0 Y
S14 53 F R PF 4 4.5 0 2 16 N
S15 25 M L HD 6 5 5 0 8 Y
S16 69 M L BK 6 6 0 0 0 N
S17 59 F L BK 5 7 5 8 13 N
S18 60 F L AK 7 5 4.5 10 18 Y
S19 32 M L AK 4 6 0 10 5 N
S20 61 M L AK 6 4 0 4 1 N
S21 57 F L BK 456 4 0 3 8 N
S22 77 M R BK 285 4 4 9 0 N
S23 46 F R BK 4 8 8 8 48 N
S24 38 M L BK 4 6 7 5 19 Y

AK ¼ Above the knee (transfemoral); BDI ¼ Beck Depression Inventory; BK ¼ Below the knee; AD ¼ Ankle disarticulation; HD ¼ Hip disarticulation; PF ¼
Partial foot; PLP ¼ Phantom Limb Pain; RLP ¼ Residual Limb Pain; PLS ¼ Phantom Limb Sensation.
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Functional decoding

Lastly, we queried the Neurosynth database (neurosynth.org)
for a data-driven characterization of our VBM findings using
the reverse inference term-based meta-analytic approach [34].
We used the MNI peak coordinates of the insula cluster
(Figure 2A; coordinates 42, 6, �2) as the seed region with a
threshold of < �0.4 and >0.4 correlation (using a sample of
1000 subjects) to derivate resting-state functional connectivity
in Neurosynth [34]. The correlation maps showed that this
insula region is highly correlate with itself, the contralateral
insula, supplementary motor/pre-motor cortex, and a nega-
tive correlated with the precuneus cortex (parietal Lobe) and
lateral occipital cortex (Figure 4). Moreover, we used
Neurosynth to decode psychological process related with the
Insula cluster, presenting the unique terms strongly associated
non anatomical terms (Figure 5).

Discussion
Main findings

In this study we showed that alterations of cortical GMV in
lower limb amputees with PLP are correlated with phantom
pain intensity, but not with other clinical manifestations (PLS,
RLS, depression, or anxiety). We found five different clusters
in pain-related areas (two in the frontal cortex, two in the tha-
lamus, and one in the insula) that were negatively correlated
with PLP intensity (smaller volume associated with higher
phantom pain). However, only the insula cluster survived the
multiple comparison adjustment—a decrease in the mid-
anterior insula cortex volume in the non-affected hemisphere
(predominantly from the right side) was correlated with
higher PLP. Moreover, the reverse inference meta-analytic
approach (Neurosynth) revealed that this mid-anterior insula
cluster was highly functional and connected to the

Figure 2. Whole-brain cortical gray matter volume associated with PLP. (A) Gray matter morphological volume assessed by voxel-based morphometry

(VBM). The twenty-four participants were contrasted together to evaluated positive and negative effect of PLP, with age, gender, and TIV and flipped as

covariates of no interest. Shown is the t-value statistical map, clustering determined using TFCE uncorrected P values binarized at value of .001 and

cluster size < 27 voxels. (B) Insula, Subcallosal Cortex, Pre-Frontal Cortex, Thalamus- Affected and Thalamus-Non-Affected hemisphere showed regional

GM volume correlated with PLP (P< .001, TFCE -uncorrected). (C) Correlation between clinical characteristic and brain region volume, color shows

Persons correlation coefficients, and *P< .05 and **P< .001.

Table 2. Clusters showing AIs significantly different from zero in the overall sample

Region

Number

of Voxels x y z Peak Intensity

Phantom limb pain
TFCE uncorrected Insula – NA 471 42 6 �2 6.12

Frontal Lobe (Subcallosal cortex) 365 8 16 �14 4.49
Frontal Lobe (Pre-Frontal cortex) 201 6 56 26 4.31
Thalamus – NAF 37 18 �26 10 3.59
Thalamus – AF 35 �8 �12 6 4.36

TFCE corrected Insula -NA 32 42 6 �2 6.12
Responders > Non-Responders
TFCE uncorrected Frontal lobe – AF (Primary somatosensory cortex) 112 �52 �18 40 4.34

Parietal lobe) – AF (Secondary somatosensory cortex) 35 �54 �24 24 4.34

For each cluster, location, aal maps using fslview, cluster size, MNI coordinates in mm, and peak intensity values are provided.
AF ¼ affected hemisphere (contralateral to the amputation); NA ¼ not affected hemisphere; TFCE ¼ threshold-free cluster enhancement.
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contralateral insular and premotor cortices. Moreover, the
decoded psychological processes related to this cluster were
“rating,” “sustained attention,” “impulsivity,” and
“suffering.”

Finally, we showed that responders to neuromodulatory
techniques (M1 tDCS and mirror therapy) have different cort-
ical GMV at baseline compared to non-responders. For the
responders, we found that somatosensory areas (total volume
of S1 and S2) presented more GMV in the affected hemi-
sphere (correspondent to the amputation side) at baseline,
compared to non-responders. These results survived multiple
comparison adjustment. Interestingly, these alterations were
not related with time since amputation and were specific of
PLP, since no significant GMV differences were correlated
with PLS, RLS, or other phantom phenomena.

PLP severity and gray matter volume of the non-affected
hemisphere

Less PLP severity was associated with larger volumes in brain
clusters in the non-affected prefrontal (dorsomedial prefrontal
cortex and bilateral subcallosal cortex), non-affected insula
(mid-anterior region), and bilateral thalamus [36]. Our results
are aligned with previous study showing that higher PLP lev-
els were associated with less GMV in the right insula and the

caudal portion of the anterior cingulate cortex [19]. These
areas are important hubs in the pain connectome being mostly
associated with pain control. Their special modulatory tasks
such as inhibition/facilitation of pain perception via modula-
tion of the pain descending modulatory system [37] had been
associated to other chronic pain conditions including non-
neuropathic [15]. Interestingly, no classic motor or somato-
sensory areas were associated with PLP severity, which had
been associated with the presence of PLP [17].

Our results agree with the current theory of the pain con-
nectome where the role of the insula is highlighted during the
chronification process [37].This theory proposes that S1 and
M1 are only intermediate areas associated to the deafferenta-
tion (situation that is to expect); therefore, these pain modula-
tory regions need to be target directly or indirectly in future
interventions. Therefore, the data suggest that two different
neural networks are in play: brain circuits for PLP generation,
and circuits for PLP persistence/severity.

On one hand, we hypothesize that higher GMV of pain
control areas is associated with higher neural recruitment of
these modulatory networks in subjects post amputation.
Consequently, patients with better adaptation to deafferenta-
tion and less central sensitization recruit more pain control
related areas (indexed by high GMV in these areas) and have

Figure 3. Insula volume of the non-affected hemisphere correlates with PLP. (A) Insula gray matter morphological changes assessed by voxel based. The

twenty-four participants were contrasted together to evaluated positive and negative effect of PLP, with age, gender, and TIV and flipped as covariates of

no interest. Shown is the t-test statistical map, clustering determined using TFCE corrected P values binarized at value of .05. (B) Insula of the Non-

Affected hemisphere showed regional GM volume correlated with PLP (P< .05, TFCE -corrected). (C) Correlation between PLP intensity and insula brain

region volume shows strong negative correlation, P< .001.
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lower PLP levels. This is supported by studies on neurorehabi-
litation showing that cognitive and sensorimotor training
induced higher specific neural recruitment reflected as
increased cortical GM thickness in areas related to the train-
ing [20, 38]. However, longitudinal assessments of phantom
phenomena trajectories are needed to confirm our hypothesis.
For instance, large populational longitudinal cohorts as the
United Kingdom biobank [39], or the Denmark birth cohort
[40] could include neuroimaging protocols in the registry sys-
tem for those cases that develop during the follow-up period a
risk for a programmed amputation (new-onset cancer patients
or de novo vascular complications). These assessments should
start before amputation, right after amputation, and then fol-
low up the appearance, persistence, and severity of PLP using
clinical evaluations and structural and functional
neuroimaging.

On the other hand, the classic persistence or reorganization
of the contralateral somatosensory and motor areas [41] are
consistently reported in studies comparing amputees with PLP
and healthy subjects, but not when analyzing the clinical
severity of the disease. Thus, we hypothesized that these mod-
ifications represent a neural characteristic of presence/

generation of PLP, likely due to maladaptation to deafferenta-
tion and anomalous spinal and peripheral input inducing a
thalamic disorganization and subsequent cortical changes.
However, not necessarily maintaining a persistent chronic
pain state, likely the interplay with pain control areas is
needed to induce chronic PLP. This is further supported by
Kikkert et al. (2018) [13] study; the authors found that PLP
level was associated with hyperactivity and hyperconnectivity
between sensorimotor (S1/M1) and pain regulatory areas
such as the insula. As a result, the optimization of current PLP
treatments need to focus on modifying the neural networks
associated with PLP persistence/severity and its multifocal
dynamic nature (hyperconnectivity between pain control hubs
during phantom activity) instead of only targeting disorgani-
zation of sensory maps. An emerging alternatives include
phantom motor execution (42) and non-invasive brain stimu-
lation such as tDCS [9, 13, 24, 43].

Furthermore, most of the associated GMV differences are
from areas in the non-affected hemisphere. This suggests a
hemispheric control of PLP that goes beyond the hemisphere
contralateral to the amputation. The integration of ipsilateral
neural networks to the amputation are likely compensating to

Figure 4. Differences in GMV between responders and non-responders. (A) Primary and secondary somatosensory cortex gray matter volume increases

in responders compared with non-responders both in the affected hemisphere. Compared with non-responders, responders showed GMV increase of

volume in the somatosensory cortex. Conversely, no brain regions showed greater GMV in non-responders compared with responders at this threshold.

Shown is the t-test statistical map, clustering determined using TFCE uncorrected P values binarized value of .001 and cluster size >27 voxels. (B)
Primary somatosensory cortex of the Affected hemisphere showed regional increase in GM volume (Kruskal-Wallis test P< .05). (C) Secondary
somatosensory cortex of the Affected hemisphere showed regional increase in GM volume (Kruskal-Wallis test P< .05).
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the maladaptive plasticity of the affected hemisphere. This is
supported by current evidence on the bilateral involvement of
pain perception integration and control [36].

The role of insula in PLP severity at baseline

The most robust finding associated with PLP severity is the
role of the non-affected mid-anterior insula (predominantly
from the right side). Several pain conditions have been associ-
ated with alteration in the insula [44]. The current literature
supports the hypothesis that nociceptive informationis proc-
essed in succession along the insula, along the posterior–ante-
rior axis, each segment related to a different dimension of
pain—posterior insula adding sensory-discriminatory
integration, and mid-anterior insula integrating affective-
motivational and cognitive-evaluative aspects of pain percep-
tion—becoming fully integrated in the anterior insula
[45, 46]. This is supported by our reverse inference meta-
analytic approach which showed that the insula cluster we
found has activity synchronization with the bilateral insula,
supplementary motor/pre-motor cortex, precuneus cortex,
and lateral occipital cortex—areas from different sensorial
modalities related to pain perception. Additionally, the term-
based cloud obtained from Neurosynth revealed association
with “rating,” “sustained attention,” “impulsivity,” and
“suffering,” confirming the perceptual integrative role of the
insula cluster we found associated with PLP severity.
Likewise, a recent study showed higher insula hyperconnec-
tivity during phantom hand imagination associated with PLP
and treatment response [13]. Therefore, taken together, the
results support the central role of mid-anterior insula in
chronic PLP perception and its severity, likely based on the
degree of coordinated connectivity to integrate pain percep-
tion. Although, hypothetical, we could expect a relationship
between an organized and adaptive insula functioning with
some degree of gray matter increase, which could explain our
results.

Furthermore, another explanation to our findings is the
role of the insula in the multimodal sensory stimulus salience
detection network, where salience stimuli are encoded and
processed to appropriately orient attention [47, 48]. Given
that chronic pain is inherently salient, it is possible that the
changes detected could reflect the salience of the stimulus and
the appropriate attention allocation to the painful stimulus
[49]. Future studies will need to investigate structural and
functional brain characteristics during attentional tasks in
PLP to understand overlapping mechanisms.

Gray matter volume associated with dynamic PLP changes
associated with neuromodulation treatment

We found that higher gray matter volume in somatosensory
cortices (total volume of S1 and S2) of the affected hemisphere
at baseline are associated with PLP reduction after M1 tDCS
and mirror therapy interventions. Only few studies have
explored biomarkers of treatment response in PLP. One study
found that increased activity in the non-affected mid insula
and S2 cortex during the tDCS stimulation predicted PLP
relief after 90 minutes; this activity change, consequently, pro-
duced a reduction of S1-insula connectivity and modification
of S1/M1 activity [13]. These results are consistent with our
findings, supporting the idea of target engagement of S1/M1
tDCS to treat PLP, brain region that is potentially acting as an
entry port for further modulation of pain control networks
such as insula integration [50]. In our case we combined M1
tDCS with a motor representation technique (mirror therapy)
which likely produced a higher sensorimotor engagement dur-
ing the treatment sessions. We hypothesized that patients with
higher GMV in S1/S2 can recruit easily brain resources to bet-
ter adapt and revert maladaptive plasticity post-amputation
induced by neuromodulatory interventions. This is supported
by our recent clinical trial showing changes on intracortical
inhibition and readaptation of motor cortex representation
using TMS [24]; also, we have found that higher phantom

Figure 5. Neurosynth resting-state functional connectivity for the insula cluster. (A) A location seed used to identify functional connectivity of the Insula

region (coordinates: 42, 6, �2) with the rest of the brain using reverse inference maps from Neurosynth. Functional connectivity map shows activity

synchronization with bilateral insula cortex, supplementary motor/pre-motor cortex, precuneus cortex, and lateral occipital cortex, when connectivity is

thresholded to < �0.4 and > 0.4. (B) Neurosynth database terms associated with the insula cluster show a stronger association with “rating,” “sustained

attention,” “impulsivity,” “suffering,” “sensations” and “painful”; World cloud represents the top non-anatomical terms, the sizes of words correspond

to the Pearson correlation coefficient from Neurosynth. Images are not in radiological convention. (C) Anatomical representation of the found insula

cluster (coordinates: 42, 6, �2), in red corrected voxels, in white uncorrected voxels. The cluster is predominantly in the mid-anterior insula.
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movement sensations—a non-painful phenomenon—acted as
protective factor and could predict treatment response
[11, 51]. Taken all together, the evidence suggests that the
heterogeneity of motor cortex neuromodulatory interventions
in PLP can be explained by sensorimotor cortex structural
and connectivity differences. This is highly significant to opti-
mized current neuromodulatory techniques and to start
implementing a personalized management approach in PLP.

The specificity of gray matter volume findings

Other assessment of clinical severity such as PLS, RLP,
depression, and anxiety, were not associated with GMV dif-
ferences. Likewise, GMV at baseline could not predict the
improvement of other clinical variables after treatment. This
suggests that non-painful and emotion-related symptoms after
amputation are not necessarily depending on gray matter vol-
ume and the structural correlates are minimal. Further explo-
ration using functional imaging is needed to assess
neurophysiological correlates of these clinical components of
the disease severity.

Strengths and limitations

We performed a comprehensive GMV exploration using
high-definition voxel-based morphometry methods and func-
tional decoding using a reverse inference term-based meta-
analytic approach to understand the structural neuroimaging
correlates of PLP severity and treatment response. Also, we
studied a homogenous sample in terms of localization and the
etiology of etiology (unilateral, traumatic, lower-limb ampu-
tees), increasing the internal validity of our results.
Nevertheless, our study had some limitations. The analysis
was limited to volume differences, but no functional activity
or connectivity; thus, our results should be interpreted with
caution considering that GMV differences are not necessarily
associated with brain activity. In addition, the range of time
since amputation was relatively large. Since most of our par-
ticipants were only examined years after amputation, we have
no information about gray matter trajectories across time.
Finally, PLP ratings using VAS one day cannot capture the
oscillating nature of PLP severity, further validation of our
GMV findings is needed with longitudinal assessments of
pain starting at the time of amputation.

Conclusion

Gray matter volume was negatively associated with PLP
intensity but no other clinical manifestations. The volume dif-
ferences were present in the non-affected hemisphere (ipsilat-
eral to the amputation) suggesting a compensatory
mechanism to maladaptive plasticity post amputation. The
mid-anterior insula is an important structural hub associated
with the PLP severity and likely this represents its modulatory
and integrating function of pain perception in these patients.
Moreover, patients with higher gray matter in the somatosen-
sory cortices had higher PLP reduction after non-invasive
motor cortex neuromodulatory treatment. Our data suggest
that gray matter volumetric analysis can be applied to under-
stand the pathophysiology behind the PLP severity and to
endotype PLP treatment responders based on their gray mat-
ter patterns. Future applications of these findings can be used
to validate biomarkers and improve treatment allocation.
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